Rheological characterization of polymers explains the flow behaviour and viscoelastic properties and tests fibre-forming ability. The current method investigates the viscoelastic properties and morphology of polymers and finds the rheological data and the right polymer viscosity, which is determining the best processing temperature. The right processing temperature saves the power, the material, and the time needed for production. After calculating polymers viscosity by using MFI tester, the method investigates rheological properties and surface shape at different temperatures and loads. The method could apply to other polymers to find the viscosity-temperature change and to set the best processing temperature.
Introduction
Since the polymer melts differ in size, weight, and degree of freedom, the microstructure of the materials has to be taken into account in order to describe typical features of non-Newtonian fluid behaviour. Melt flow index (MFI) is one of the most important properties for the quality control of polymers. The higher the MFI, the lower the resin velocity and the molecular weight [1] . By using this method, there is no need for the viscometer tester; the MFI tester results will help in calculating the polymer viscosity.
Recommended Equipment

Sample Preparation.
Eastar Bio, based on Butandiol, adipic acid, and terephthalic acid, used to test this method, made by Eastman and supplied by Rodenburg Company, Netherlands. The polymer shape is spherical granule resin in diameter 3-5 mm, with density of 1.22 g/cm 3 . The used material is referred to [2] : 1,4-benzenedicarboxylic acid, polymer with 1,4-butanediol, and hexanedioic acid known as aliphatic-aromatic copolyester (AAC). Two grades were used and coded as AAC1 and AAC2. The moisture effect should be taken into account in this method ( Figure 1 ). The moisture effect was solved by drying the used polymer at 60 ∘ C for 6 hours and keeps it away from the moisture resource before use.
Thermal Analysis Using Differential Scanning Calorimetry (DSC).
Differential scanning calorimetry (DSC) is a thermal analysis used to determine physical changes, chemical changes, or the degree of the crystallinity of the polymers through measuring the enthalpy and comparing it with the enthalpy of a crystalline sample of the same material [3] . METTLER-TA Instrument and METTLER-TOLEDO-TA89E System software were used to determine the thermal curves of the used polymer.
Melt Flow Tester. MFI tester, A Ray-Ran 5 Series
Advanced Melt Flow System, was used to measure the melt flow index (MFI) [4] . MFI (g/10 min) measures the mass in grams of a thermoplastic material through a standard size capillary at known temperature for 10 minutes [5] .
Texas Instrument or Microsoft Office Excel.
A Texas Instrument ( Figure 2 ) with TI-83 Plus Software Development Kit (SDK) was used in the method to write calculator programs (as forecasting applications) using a variety of the calculator's internal functions. The Texas Instrument offers the ability to load and debug programs, applications, and breakpoint. The method could use Microsoft Office Excel Software instead of Texas Instrument by using the equations generated in this method.
Background of Method
In Newtonian fluids, it is possible to calculate the flow properties through some equations as we will describe below. The mean diameter of the piston and the cylinder is = 9.5504 mm and capillary diameter and capillary length are = 2.0955 mm and = 8.000 mm. The MFI tester and a schematic diagram of the pressure distribution in the reservoir and the capillary are shown in Figure 3 . As the piston is moved down by the weight, the molten polymer is forced through the capillary.
As the piston diameter ( ) is bigger than the capillary diameter ( ), the wall shear stress in the capillary can be related to the force on the piston, and the entrance effects are ignored, and the wall shear stress can be calculated then using the following equation:
where Δ is the pressure dropped along the capillary and is capillary length [6] . Δ can be calculated by the following equation:
where is the weight on the plunger in grams.
The shear stress at the capillary wall is determined by the following equation:
The apparent shear rate at the capillary wall can be determined from the flow rate through the capillary and it can be expressed as follows [6, 7] :
The flow rate or volumetric throughout ( , cm 3 /s) is determined by the area (cm 2 ) and the piston velocity (V, cm/s) or by the MFI value and the melt density at the current temperature ( ) [8] :
where V (velocity) = (distance)/ (time) and is the volume. The apparent shear rate APP at the capillary wall can now be expressed as a function of the MFI [8] :
The apparent viscosity app can be determined by dividing the shear stress by the apparent shear rate [8] as shown in the following equation:
Because software engineering programs do not reflect the need by the industry for practising software, the Texas Instrument could develop suitable applications, which could be connected to melt spinning specifications and requirements for embedded real-time systems. Otherwise, we can use (1) to (7) in Microsoft Office Excel Software and calculate the results depending on the measurement obtained from the MFI tester that will describe the method steps and results' calculation.
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Method Steps and Results' Calculations
To study the effects of polymer grade on the production process and the properties of as-spun aliphatic-aromatic copolyester fibres, two grades of AACs were coded as MFI1 (AAC1) and MFI2 (AAC2) depending on their melt flow indices. Note that the measured melt flow index (MFI) does not fully present the properties of the polymer. In the rheological studies, different pressures were applied to the melt via a piston using different loads of total mass ( ) of 2.16, 3.16, and 5.00 kg at different temperatures of 120, 125, 130, and 135 ∘ C. According to DSC results, the polymer does not melt completely below 120 ∘ C, and the starting temperature was taken as 120 ∘ C as it has been observed. The piston diameter ( = 9.5504 mm) was bigger than the capillary diameter ( = 2.0955 ± 0.0051) and the pressure dropped along the capillary (Δ ). is the capillary length ( = 8.000 ± 0.0250 mm, / = 3.8177) and ( = 0) is the atmospheric pressure. When the piston was moved down by the weight, the molten polymer was forced through the die; below is the steps of this method.
(1) According to the differential scanning calorimetry (DSC) results in Figure 4 , an optimum temperature window for method was designed taking all factors into account because the polymer does not melt over a narrow range and does not melt completely below 120 ∘ C, the starting temperature of test in the method. The thermal diagrams of the two grades show that a broad temperature range of melting (about 100-135 ∘ C) was observed for the polymer samples. Temperature ( ∘ C) Figure 5 : The relationship between MFI, the pressure (weight), and temperature.
(2) MFI values according to ASTM D-1238 for the tested polymer are drawn in Figure 5 ; the MFI was measured at different loads (2.16, 3.16, and 5 Kg) and temperatures (120-135 ∘ C). The relationship between flow (MFI), the pressure, and temperature is not linear, and that is related to the nonlinear change in viscosity with change in pressure or temperature. The relationship between (MFI), pressure, and temperature is not linear and is related to the nonlinear change in viscosity with change in pressure and/or temperature. On the other hand, the productivity will be increased if the temperature or the pressure is increased and that will be limited depending on the polymer degradation and hence the properties of the product.
(3) As a function of temperature, the density is measured at 2.16 kg load and different temperature and Table 1 shows the change in specific gravity. Bearing in mind that the polymer is not exposed to a uniform shear rate and the measurement could be unreliable at higher shear rate as result of temperature effects and viscoelastic behaviour, the viscosity varies inversely with the temperature and pressure, and that is clear from the increasing of MFI with the increase of both temperature and pressure. If the entrance effect will be considerable, there are errors in the expression for the wall shear stress and the apparent viscosity.
(4) Depending on the MFI results and Table 1 and using (5), the volumetric throughout results are calculated and listed in Table 2 .
(5) Depending on the results from Table 3 and using (6), the shear rate can be calculated as shown in Table 3 .
(6) As it is explained before, the shear stress depends on the load and it is calculated by using (3) and listed in Table 4 . (7) The viscosity of AAC is measured at various shear rates, temperatures, and loads; it is calculated by (7) and listed in Table 5 . In non-Newtonian fluids, the actual value of the shear rate at the capillary depends on the fluid behavior as a power law fluid with power law index; the viscosity curves of viscosity and shear rate are converted to true viscosity curves using the Rabinowitsch correction [9] .
The viscosity ratio affects the capillary instability of fluid jets and helps in determining melt spinning conditions. If the entrance effect is considerable, there are errors in the expression for the wall shear stress and the apparent viscosity; this drawback is negated by running the melt indexer with several different weights [10, 11] .
Rheological and Thermal Characterizations
Viscosity varies inversely with the temperature and pressure, which is clear from the increase in MFI, with the increase of both temperature and pressure. Alternatively, the productivity (a measure of throughput per minute (g⋅min −1 )) will be increased if the temperature or the pressure is increased and will be limited depending on the polymer degradation. The apparent viscosity dramatically decreases with the MFI increasing under loads 2.16, 3.16, and 5 kg. Figure 6 shows different magnifications of MFI-apparent viscosity graph of AAC1 and AAC2. A high MFI corresponds to a low polymer melt viscosity and a low MFI corresponds to a high polymer melt viscosity, which agrees with the lectures. At low MFI and high viscosity, the polymer will have high power consumption and die-head pressure in the extrusion [8] .
Figures 7 and 8 show the extrudates' appearance at different temperatures, apparent shear rate, and viscosity. The analysis will give an explanation for the character of the rheological and thermal properties and surface shape at the different conditions in which recent analysis was performed. In terms of extrudate surface analysis for both grades, smooth extrudate can be observed above 130 ∘ C and "shark skin" extrudate can be observed between 125 ∘ C and 130 ∘ C. A "shark skin" surface was formed by a series of ridges aligned perpendicular to the flow direction. It could be distinguished from an elastic turbulence, which belongs to the material nature and sometimes to the polymer-die metal adhesion [9] . The apparent extrudate swell depends on the die entry and the die exit and possible slip at the polymer-wall interface [12] .
Stick-slip or oscillating melt extrudate appears at 125 ∘ C, and gross melt fractured extrudate was found at 120 ∘ C; it could be observed at the lower extrusion rate and depended on the temperature, as described previously. Melt instability can be caused by an exclusive increase in shear stress and stick-slip, or the shark skin effect will appear. Depending on theoretical formulas and MFI results analysis, the viscosity decreased and the material flowed easily at higher temperatures. At shear rates more than 5 s −1 , the extrudate surface was practically and quite smooth up to 15 s −1 , whereas smoother extrudates were obtained at shear rates of more than 15 s −1 . Under processing, the viscoelastic nature of polymeric fluids of some materials has many complex effects on the flow stability [13] and the other properties, such as molecular Figure 6 : The magnification plots in Figure 6 show the high power consumption and the rheological aspects of AAC1 and AAC2 under different processing conditions.
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Indian Journal of Materials Science mobility and dyeability of the produced synthetic fibres [14, 15] . If the local power law index can be obtained, the viscosity curves of viscosity and shear rate ( Figure 9 ) could be converted to true viscosity curves using the Rabinowitsch correction. Analysis shows that as the temperature increases, the shear decreases and the shear rate increases as a result of the viscosity decreases. Thus, the increase in shear rate results Figure 9 : Viscosity-shear rate curve at a load of 2.16 kg.
in a decrease in the viscosity for a particular temperature. At the same load and as MFI increases, the piston speed is increased. The shear rate increases as a result of the die-head pressure and the shear stress (load) increasing. The overall thermal behaviour of the grades used in this method allows the conclusion that the processing window is quite wide. Therefore, the used polymer can be safely extruded from 130 ∘ C.
Additional Information
The applied method helps in understanding that the melting temperature does not necessarily include the processing temperature, as was found on the extrusion machine because the flow of the molten polymer also depends on its viscosity. The overall thermal behaviour of the grades used in this method allows the conclusion that the processing window is quite wide. Therefore, the used polymer (AAC) can be safely extruded from 130 ∘ C. The overall thermal behaviour of the polymer used in this method suggests that the processing temperature range is slightly wide (20-25 ∘ C); the technical aspects could apply to other polymers which will have different processing temperature ranges [16] [17] [18] .
The decrease in viscosity improves the material flow and leads to more uniform extrudate (or filaments). Hence, additional information about the processing window can be obtained. After the viscoelastic and morphological characteristics had been identified, the rheological data were used to determine the enhanced processing temperature for melt spinning.
Using the Texas Instrument or applying Microsoft Office Excel Software by using (1) to (7) generated in this study is fast and accurate technique to calculate without the need for further statistical background.
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